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mecbanistn responsive to said ionic load for controlling electrical currents to said at least one 
segmented electrode. 



13. An electrodiaiysis apparatus according to Claim 1 ^vfaerein said electric control 
system for maintaining removal of free and combined carbon dioxide in said predetermined 
regions also con^rises at least one segmented electrode and a control mechanism responsive 
to said ionic load for controlling electrical currents to said at least one segmented electrode. 

14. A process for rranoving ionized and/or ionizable substances from a liquid 

containing sudi ionized and/or ionizable substances, the process comprising the 
stepsoC 

providii^ an electrodiaiysis stack including at least a diluting compartmeni, at 
least a concentrating compartm^ at least an electrode compartment, at least an electrode 
pair, and idels and outlets for flowing liquids to or from the stack, said stack forSier 
comprising one or more subsystems selected from the group consisting of: 

a) means internal to said stack enabling effluQit from diluting compartments in said stack to 
flow at least in part througb concentmting compartments in said stack inaflow direction 
fliat is substantially opposite to fte flow direction in said diluting compartments ; 

b) means within said stack enabling efQuent from diluting compartments of said stack to 
Bow at least in part tfaroi^ at least one electrode compartment of said stacl^ 

c) concentrating compartments having ion exdiange material juxt^osed to a cation 
exchange membrane and ion exchange material juxtaposed to an anion exchange 
membrane, said im exchan^ material juxtaposed to said cation exchange membrane 
consisting substantially only of cation exdiange material and said ion exchange material 
juxtaposed to said anion excfaai^ membrane consisting substantial^ osiy of anion 
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exdiange material, fiuflier Hbeiein said ion excbaoge matenal(s) axe not integral with 
said anion or cation exchange membranes and said ion exchange material(s) are 
pmneable to bulk flow of tiquid tiuoi^ said compartments; 

d) means at and/or in at least one edge of at least one flow padi in a concentrating 
compartment spac^ for diverting flow at said edge away fiom said edge; 

e) means at and/or in at least one edge of at least (me flow patii in a diluting compartment 
spacer for diyi^ting flow at said edge aw^ from said edge; 

f) inteimembrane spacers including means dierein ^bling gases in flow paths in said 
spacers to escq>e from said flow paifas» said means not enabling liquid substantially to 

. escape from said flow palh; 

g) concentrating compartments having flow patts including at least a screen element having 
a sur&ce region^ said scieen element comprising an ion-exchapge-fimctionalized region 
substantial)^ only in said sur&ce region; 

h) dilutii^ compartments having flow paAs including at least a screen element havii^ a 
surface region, said screen element conq}nsing ah ion-exchange-fiinctionalized region 
substantially oviy in said sur&ce region; 

i) dqpendeaicy-^Ietermining means fi>r determinii^ dq>etidency of Rprod on the quantity 
I/qCCm - Cant), I'tdiere ^pnd is a measure of the electrical resistance of product of diluting 
compartments in said stack, I is a measure of electrical current applied to said stack, q is a 
measure of Bow rate in said diluting compartments, Cm is a measure of ionized and/or 
ionizable species per unit volume in liquid influent to said dilutipg compartments, Coot is a 
measure of ionized and/or ionizable species per unit volume in liquid efQuent from said 
diluting compartments; inflection-determining means for detennining any substantial 
mflection in such depaidency, and stack-operating means for operating said stack at one 
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or more values of I/q(Cb- Coot) which result in values of S|nd greater than the value of 
Bpod at sudi inflection; 

j) means for maintaining predetermined removal of silica and/or boric acid in diluting 
compartments of said stack including means for determining ionic load fed to said 
diluting compartments and means responsive to said ionic load controlling said electrical 
current at levels effective to maintain such predetermined removal; 

k) diluting compartments comprising at least one membrane having a surface te?cture fadng 
at least part of at least one flow path in at least some of said compartments, said sur&ce 
texture causing substantially increased surface area of said membrane compared to a 
similarly configured membrane not having surface texture; 

0 concentrating compartments comprising at least one membrane having a surface texture 
facing at least part of at least one flow path in at least some of said compartments, said 
surface texture causing substantially increased sur&ce area of said membrane compared 
to a similarly configured membrane not having surface texture; 

m) diluting compartments comprising at least one membrane having a sur&ce texture facing 
at least part of at least one flow path in at least some of said diluting compartments, said 
surface texture effecting substantial contact with the adjacent membrane, said adjacent 
membrane having or not havmg not having surface texture; 

n) concentrating compartments comprising at least one membrane having a surface texture 
facing at least part of at least one flow paft in at least some of said concentrating 
compartments, said sur&ce texture effecting substantial contact with the adjacent 
membrane, said adjacent membrane having or not having not having surface texture; 

o) means for maintaining removal of firee and combined carbon dioxide in predetermined 
regions in diluting compartments of said stack including means for determining ionic load 
fed to said diluting compartments and means responsive to said ionic load controlling said 



SUBSTITUTE SHEET (RULE 26) 



wo 02/14224 PCT/USOl/25226 

or ffioie values of I/qCcb- Coot) tvUch result in values of Rpod greater dtan &e value of 

Rpiod at sudi inflectioD; 
j) means for mamtainingpiedeterinmediemovd 

compartments of said stack induding means for determining ionic load fed to said 

dilating compartments and means responave to said ionic lo^ 

cunent at levels efifectrve to niamtain such predeter^ 
k)^ diluting compartments comprising at least one membrane having a surfece texture fedng 

at least jpart of at least one flow path in at least some of said compartments, said sur&ce 

texture causing substantially increased sur&ce area of said membrane compared to a 

similariycdDfiguredmemb 
. 0 concentrating compartments comprising at least one membrane having a sur&ce texture 

&cii^ at least part of at least one flow path in at least some of said compartments, said 

sm&ce texture causii^ substanttaDy mcreased sur&ce area of said monbrane compared 

to a similarly conQgured membrane not having sur&ce texture; 
m) diluting compartments comprising at l^ist one membrane having a surface texture &cing 

at least part of at least one flow path in at least some of said diluting compartments, said 

is[ur&cetextuieeff(»:tingsuh5tant^ said adjacent 

membrane havmg or not having not having sur&ce texture; 
n) concontratmg compartments comprising at least one membrane having a smface texture 

&di^ at least part of at least one flow path in at least some of said concei^^ 

compartments, said sur&ce texture effecting substantial contact with the adjacent 

mCTbrane, said adjacent membrane having or not havii^ not havii^ surface texture; 
o) means for mamtaining removal of fiee and combmed carbon dioxide in predetermined 

regions in dihitmg compartments of said stack including means for determining ionic load 

fed to said diluting compartments and means responsive to said ionic load controlling said 
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electiical curFent at levels efibctive to mnmtam such removal in sudi predetermined 
regions; and, . 
flooring said Uquid into $aid stack and qn>^6 c^G^^ <^ur^ 

15. A process according to Claim 14 furflier comprising the steps of providing one 
or more cation exdiange manbranes and one or more anicm exdiange membranes wound 
tog^dier in spiral form, togetibtor forming one or more spiral diluting compartments. 

16. A process accordiAg to Claim 15 fiirdier comprising the steps of providii^ 
liquid entrances and exits arranged to effect flow of liquid in said one or more spiral diluting 
compartments inwardly in a spiral or alternatively outwardly in a spiral, said process further 
comprising effecting flow of liquid in said compartments inward^ in said spiral alternative^ 
outwardly in said ^iral. 

17. A process according to Claim 15 forther comprising die steps of providing one 
or more spiral diluting compartments defining a central axis, said process also providing one 
or more liquid entrances and exits anapged to effect flow of liquid in said one or more spiral 
diluting compartmaits in a direction parallel, alternative]^ anti-parallel, to said axis, said 
process fiiither comprisipg periodically flowing liquid in said compartm^ts parallel, 
alternatively dntii>ai^^ to said axis. 

18. A pmcess according to Claim 14 furflierpomprising the steps of provide 
means for reversii^ electrical current direction throu^ said stack and in whidi said process 
fiirtfaer comprises revenang dectrical current directioa 
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19. A piocess according to Claim 14 fiufher comprisiog die steps of providing 
means for,iev^[aDg flow direction in diluting compartments and in ion concentrating 

. compartments and in which said process further comprises reversing flow direction in 
dilutipg compartments and in ion concentrating compartments. 

20. A process according to Qaim 14 fiirflierconiprising the steps of providii^ 
diluting compartments of said stack ion exchange material juxtaposed to a cation exchange 
membrane and ion exchange material juxt^osed to an anion exchange membrane, at least 
said im exchange material juxtaposed to said anion exchange membrane comprisjog amoa 
exchai^ material, said anion exdiange material in regions adjacent to compartment 
entrances to said compartments being effective to remove free and combined (available) 
carbon dioxide from liquid entering said compartments primarily as bicarbonate when such 
combined caibon dioxide is substantially on^ bicarbonate, said process fiirlfaer comprising 
flowing liquid into said compartments said liquid including but not limited to free and/or 
combined carbon dioxide, and removing iBree and combined carbon dioxide from said liquid. 

21. A piocess according to Claim 14 frirdiCTComprisii^ die steps of piovidm 
least one segmented electrode and means responsive to said ionic load fed to said diluting 
compartments and in whidi said process frirtber comprises controlling electrical currents to 
said at least one segmented electrode. 

22. A process according to Claim 14 frirdier comprising the steps of: 
(a) determinnig dependenqr of Rpod on the quantity l/q(Cia - Cout), wfa ere Rpod is a measure of 
the electrical resistance of product of diluting compartments in said stack, I is a measure of 
electrical current applied to said stack, q is a measure of flow rate in said diluting 
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compaitmeats^ <^ is a measuie of ionized and/or ionizable species per unit volume in liquid 
influait to said diluting compartments^ Coat is a measure of ionized and/or ionizable species 
per unit volume in liquid e£Eluent from said diluting compartments; (b) determining any 
substantial inflection in said dependency; and, (c) operating said stack at one or more values 
of I/q(Cb- c«Mt) wbidi result in values of Rpiodgieater 4ian Use value of Rp,od at such 
inflection. 

23. A process according to Claim 14 further comprising the step of flowing a part 
of flie efiSuent from diluting compartmmts* in said stack through at least one other 
compartment mdiin said stack in a flow direction substantially opposite to flie flow direction 
in said diluting compartm^ts. 

24. A process accordmg to Qaun 14 fiirther comprising flie steps of establish 
piedetennined removal of silica and/or boric add in diluting compartments of said stack, 
determining die ionic load fed to said diluting compartments, and controlling electrical 
current based on said ionic load at levels effective to maintain such predetermined removal of 
silica and/or boric add. 

25. A process according to Claim 14 Anther comprising the steps of establishing 
in diluting oooqiaifments of said, stack predetermined regions for removal of fi^ee and 
comfained carixm dioxide, detennininig fte iomc load fed to said diluting compartments, aiid 
Controllmg electrical current based on said ionic load at levels effective to maintain removal 
of free and combined carbon dioxide within said predetermined regions. 
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DEVICE AND METHOD FORELECmODIALYSIS 



FIELD OF THE INVBNTIGN 

This invention pertains to improved electrodialysis ("ED" including "EDR") apparatus 
and systems^ including improved filled cell electrodialysis apparatus and systems, and to 
improved processes vMch uses such apparatus and systems. (Filled cell ED is also know in 
ttis art as electroddonization ("EDr). Filled cdl EDRis also known in this art as reversing 
electrodeionization ("EDIR")). 

B ACKCaROUND OF THE INVENTION 

ED apparatus having a multiplicity of alternating anion sdective and cation selective 
membranes was apparently first described by K Meyer and W. Strauss in 1940 (Helv. Chim. 
Acta 23 (1 940) 795-800). Hie membranes used in tiiis earl^ ED apparatus were pooriy ion - 
selective. The discovery of ion exdiange ('IX") membranes (e.g, in U.S. Pat No. Re. 
24,865) ^ch had high ion permselectivity, low electrical resistance and excellent stability 
led rapidly to the invention of ED using such membranes (e.g., in US. Pat No. 2,636,852) 
and to the growth of industries using such ^paratus, for example, for desalting of brackish 
water, concentration of sea water, and deashing of cheese whey. During the last 40 years 
approximately 5000 ED plants have been installed on a world-wide basis. 

The utility of ED continues to be limited, however, by several technical &ctors, 
particularly relatively low limiting current densities and deficiencies in removmg poorly 
ionized substances. These limitations and deficiencies of prior art ED systems are discussed 
fiirtfaer below. 
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A. lindting Cuirent D^ty: 

Because the K membranes used in ED are hig^ selective to ions of one sigp orihe 
other, a substantial fraction of the ions passing through the membranes must readi tiie 
membrane walls by difKision fiom the ambient solution through laminar Sow layers vMdb 
develop along tiie intei&ces between ibe membranes and the solutions being depleted of ions 
(ftie"dihite or diluting solutions or streams'* as they are known in flie art). The maximum rate 
of diffiision of ions through tiie diluting solution occurs vfb&i flie concaotration of electrolyte 
at such membrane inter&ces is essentially zero. The current density corresponding to such 
zero CQQCoitration at a membrane inter&ce is referred to in tibe art as . tfie limiting current 
density. To increase the limiting cuirratdai^ it is necessary to increase the rate 
diffusion, for example, by reducing the thickness of the laminar flow layers by flowing the 
ambirat solution rapidly by the membrane sur&ces and/or by the use of turbulence 
promote and/or by increasing flie temperature. Practical limiting curr^ derssiti^ are 
gaieraOy in the range of iS,000 to 10,000 amperes per square meter for each kilogram- 
equiyal^ of salts per cubic met^ of solution (that is, 0.5 to 1 amperes per square c^timeter 
for each gram-equivalent of salts per liter). A typical brackish water has a concentration of 
salts of about 0.05 kg-eq/m.^ (that is about O.OS-eq/1 or about 3000 parts per million Cppni")X 
and Aerefore has a limiting current density in the range of about 250 to 500 amperes per m^ 
(0.025 to 0.05 amperes per cm.^. In order to maximize the utilization of ED apparatus, h is 
desirable to operate at tiie bluest possible current densities; Hbwev^, as the limiting current 
density is approadted, it is found Aat water is dissociated (i.e., "split") into I^drogen ions 
and hydroxide ions at tiie interfaces between flie (conventional) anion exchange ("AX") 
membranes and the diluting streams. The hydrogen ions pass into tiie diluting streams while 
tiie iQ^droxide ions pass throuigh fte AX membranes and into tiie adjacent solutions wfaidi are 
being enriched in ions (the "concentrate, concentrated, concentratii^ or brine solutions or 
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streams" as tfi^ are known in Ihe art). Becausebrackish water may often contain calcium 
bicarbonate, tbere is also a tendency for caldmn caibonate to predphate at fte surfEices of flie 
(conventional) AX membranes \Mch are in contact wSx the concentrating streams. Tliis 
problem previously has been addressed by several techniques: by chemical or IX soft^iing 
of fbo feed waters or the concentrating streams; by adding acid to the feed waters or the 
cQncentratmg streams (with or without decaibonation); by nanofiltration CNF); or, by 
regularly reversing the direction of passage of the electric current thereby changing the 
ccmcentrating streams to diluting streams (and die diluting streams to conc^trating streams). 
See, e.g., US. Pat No. 2,863,813. Of the above techniques, die most successful process has 
been the last mentioned process, namely reveisii^ &e electric current, vAiich is referred to in 
&e art as "electrodiatysis reversal" ("EDR"). 

Jhe dieoiy of limiting currait in ED shows that in the case of sodium chloride 
solution, for example, the cation exchan^ C*C3C) membranes should reach dieir limiting 
curreait densi^ at values ^^ch are about 2/3 rds that of the AX membranes. Care&l 
measurements have shown that such is indeed the case. However, as the limiting current 
d^ly of (conventional) CX membranes is approached or exceeded, it is found that water is 
not split into faydnxdde ions and hydrogen ions at tiie inter&ces between such CX 
membranes and the diluting streams. The difference in behavior relative to the water splitting 
phenomenon of (conventional) AX and CX membranes at their respective limiting cunents 
has been esplained in recent years as catalysis of water splitting by weakly basic amines in 
flie AX membranes. AX membranes irfiidihan^ only quaternary ammonium anion exchange 
groups (and no weakly basic groups) initially do not significantly split water as flieir limiting 
current is approached. Such behavior continues for only several hours, however, after which 
period water splitting begins and increases wiA time. It is found that die AX membranes 
Aeo cmtain some wealdy basic groups whidi have resulted from hydrolysis of quaternary 
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anunonium groups. It is concluded tiiat splittii^ of water at conventiona] AX membranes at 
or near Ibeir limiting curr^t densities is an unfortunate phenomenon ^ch is unavoidable 
for practical purposes. 

Hie existence of limiting current in ED also means that in dilute solutions Hie limiting 
current densities are relative^ very low. For example, at a conc^tration of sails of about 
0.005 kg^-eqAn.^ (diat is about 0.005 g-eq/1 or about 300 ppm, a concentration tii)ical of 
drinking water), the limiting current density is in the range of froin about 25 to 50 amperes 
per m} (0.0025 to 0.005 amperes per cm.^), La, fte transfer of salts per unit area per unit 
time is very low (e.g., 50 to 100 grams of salt per hour per square meter). Hiis problem seems 
first to have beai addressed by W. Walters et aL in 1955 (fad. Eng. Chem. 47 (1955) 61-67) 
by filling the diluting stream compartments in an ED stack (i.e., a series of AX and CX 
membranes) with a mixture of strong base and strong acid ion exchange (DO granules. Since 
Am many patents have issued on ttds subject, among Ifaem U.S. Pat Nos. 3,149,061 ; 
3,291,713; 4,632,745; 5,026,465; 5,066,375; 5,120,416; and 5,^03,976, whidi patents are 
incorporated herein by referrace. Two modes of operation using such fiUed-cell ED (known 
as EDI) have been identified. In the first mode, the IX granules serve as extensions of die 
' membiane sur&ce area thereby gready increasmg the Ikniliiig cmrent doisity. In the second 
mode, a current density is applied which is very much greater dian die limiting current 
density even with die presence of the DC granules. Under these circumstances, the rate of 
water splitting at membrane-dilutir^ stream int^aces is very high, and the IX granules are 
predotninandy in the strong base and strong add forms respectively. The £q;>paratus m this 
mode is terefore best described as operatmg as contirmously electroiytically regenerated 
(mixed bed) ion exchange. An intermediate mode may also be identified in which there is 
some water splitting but die IX granules are not predominandy m dfie strong base and strong 
add forms respectively. 
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Most fiUed-ceil ED (that is, EDI) systems operate in both modes, e.g., (1) in the same 
ED cell, fhe fiist mode near die mitrance to Hie cell and die second mode near the e^dt; (2) in 
cells in flow series between a single pair of electrodes; or, (3) in separate stacks in flow 
series (each stack with its own pair of electrodes). FiUed-ceD ED is used to replace reverse 
osmosis or conventional, chemicalfy reg^erated DC systems, e.g., a strong acid CX column 
followed by a weakly basic AX column or, at least in part, a mixed bed K column. In either 
of die latter cases, the CX and AX granules are chemically regenerated separately, e.g., with 
aqueous addic solutions of sulfuric add or hydrochloric add and aqueous basic solutions of 
sodium hydroxide tespedively. Precipitates of caldum carbonate, calchun sul&te and 
m^jgnftsiiim hydroxide are thereby not obtained. The columns of fine granules are effective 
filters for colloid matter which is rinsed off die granules during the chemical regeneratioa 
In contrast in the case of EDI, any caldum, bicarbonate and/or sulfate removed from tiie 
diluting stream occurs in a higher concentration in die concentrating stream, particular^ 
whra it is desired to achieve hig}i recoveries of die diluting stream (v^ch is the usual case). 
Sudi hi^er concentrations fiequentfy result in precipitation in die concentrating streaia 
Furthermore, it is inconvenient (tfaouigh technically possible) to back-wash the DC granules in 
a fiOed-cdU ED apparslus thereby removing any colloidal matter which may have been 
filtered out 

These problems wifli EDI are generally solved by pretreatment processes, for 
exaoqile: (1) regeoerable cation exchange for softening followed by regenerable anion 
exchange absorb^ts for colloid removal and/or bicarbonate removal; (2) ultrafiltration or 
microfiltration for colloid removal followed by EDR for softening and partial 
demineralization; or, (3) ultrafiltration or microfiltration for colloid removal followed by 
nanofiltratioii fi^r softening or reverse o^osis for softening and partial deminerahzation. 
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As pointed out above, Med*ceD ED is used to replace^ at least in part; a mixed bed EX 
cohinm. Ilie latter, however, general^ produces water havmg an electrical resistance of 
about 18 meg ohm-cm and silica concentrations near the present Umits of detectioa Such 
high performance by fiUed-cell ED (EDI) has been difficult to achieve until now. 

B. Removal of Pooriy Ionized Substances: 

ED (inchdingEDR) is used in many plaiits to deash cheese \\iiey. Generally the 
natural whey is first concentrated to tiie range of 20 to 25 percent solids by weight The 
currrat deaisity (ftat is, tiie rate of removal of ash per unit area of membrane per unit time) 
during ED (or EDR) of such concentrated whey remains relative^ higih until about 50 to 60 
percent of Ihe ash is removed. The remaining ash behaves as if it is pooily ionized, perhaps 
associated or completed with protein in the whey. An important market for deashed whey 
requires 90 percent or higher deashing. To deash from about a 40 percent ash level to a 1 0 
percent ash level using ED (including EDR) may require much more apparatus contact time 
than to deash from 1 00 percent to 40 percoit ash. This problem may be addressed by the 
more or less continuous addition of acid to the whey during deashing from 40 to 1 0 percent 

ibe add apparently freeii^ the ash from Ihe proteaa However, such added add is 
rapidly removed by ED (induding EDR), and ihe resulting high quantities of add required to 
complete this process are therefore undesirable. The problem has also been addressed by 
removing about die first 60 percent of fte whey ash using ED (including EDR) and reeving 
most of the remaining 40 percent by ion exchange. The ion exdiange apparatus for this 
application generally consists of a cohmm of strong add CX granules followed by a cohunn 
of weak base AX granules. Considerable quantities of acid and base are required in this 
proc^ to regenerate the K granules. 
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As discussed above, electrodeicniization (EDI) using fiOed ED cells is a veiy useful 
process for removing die last traces of icMiic contaminants from water, but it could be 
sgnificanfy inq)roved. These desixed improvements include: 

1) Improved product purity. The sources ofimpurities in EDI systems include but are 
not limited to: 

(a) Back difibsion and electromigration of ionic contaminants through the ion 
change membranes driven by concentration differencesand electric fields; 

(b) Back diffiision of neutral weakly ionized species through polarized membranes; 
and, 

(c) Electrodialysis of contaminant ions firom membranes into the product water in ibe 
dihite stream manifolds. 

2) Simplification of tiie equipment and controls needed to run traditional EDL Today 
ftese EDI subsystems include brine recirculation, brine and electrolyte pH and 
conductivity control Simplification should mdude lowering of equipment costs, 
reducing required operator expertise and shortening the time required for monitoring 
and adjusting equipment. 

3) Reduction of the electric power consump^on used for the EDI stack and pumps. 

4) Improved resistance to scale formation in Ate conc^trate streams. 

5) Need for less pretreatmentofihe water before EDI. 

6) Improved product water quality without sacrificing product water recovery. 

7) Ability to operate intermittently and to produce excell^t product inmiediately upon 
startup. 

8) Abilify to operato with devated solution deliveiy pressure tiiereby eUminatmg fiie 
need for a transfix pump. 
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9) Ability to reliably operate wiftout external leaks and wiUxout external salt build up. 

Mos^ if not all, of 4ie above Umitations and d^cieades of conventional EDI 
systems aie eiflier overcome or at least sigmficantly improved upon by the improved 
apparatus and m^ods for electrodialysis according to die present invention. Oflier 
objects and advantages of flie present invention will in part be obvious and will in part 
appear hoeinafier. The invention accoidingly comprises, but is not limited to, lb& 
apparatus and related methods, involving the several steps and the various components, 
and fte relation and order of one or more sudi steps and components with respect to each 
of die otiiets, as exemplified by ibe followiiig description and llie accompanying drawings. 
Various modifications of and variations'on ^e apparatus and me&ods as her^ described 
will be apparent to those skilled in tiie art, and all such modifications and variations are 
considered within die scope of the invention. 

SUMMARY OF THE INVENTION 

In accordance with a first embodiment of the present invention, one means of 
adueving flie desired improvements is to use the product of the EDI unit as the feed to the 
concentrate stream and electrode stream compartments, and to flow the concentrate and 
electrode streams of the EDI unit in a flow <Urection substantially opposite &at of the product 
stream in a single pass. This can be accomplished ia a preferred embodiment by configuring 
die apparatus sudh Oat the product outlet manifold (refer^ce numeral 3 as shown in Figure 
1 A) serves as the inlet manifold for the concentrate stream (in concentrating compartments 7) 
and dectrcxle stream (in electrode compartments 8). Due to the high electrical resistance of 
the starting conc^trate and electrode streams these compartments should pre&mbly provide 
electrical continuify^ by ion transport dm>i^ ion exdiaiigemaled^^ Tlius, Ibe concentrate 
and dectrode streams are at least partially filled vnii an ion exchange material, or these 
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coxnpaitments utilize ion exchange membranes with a suz&ce texture tiliat allows tbem to be 
in contact with eadi other at asperities while aUowingMd flow Itis 
preferred ftai the effluent from the concentrating compartments in die above embodiments of 
this invention not be recycled to the concentrate compartments, or, if recycled, recycled by an 
auxiltaiy entrance manifold at an intermediate position in the concentrate flow padbs. 

Such internal reflux of dilute effluent to concentrate influent is advantageoudy used 
together with periodic reversal of the direction of electric current tbrou^ the EDI stack. If 
such current reversal is continued for a substantial p^od (e.g., if the reversal is essentially 
symmetric widi respect to time), then it is preferred in accordance with this invention tiiat tiie 
direction of flow tfarouib tiie dilute and concentrating conq>artm^ also be reversed, tiie 
effluent ifrom tiie '*ttew" dilute compartment then providing pure reflux to the influent to the 
"new^ concentrating compartment 

The flow rate of dilute effluent to fte concentrating compartments in the above- 
described internal reflux mode is, of course, only a fi^on of the effluent coming from tiie 
diluting compartments. Nevertheless, it raay be necessary and preferred to provide a back 
pressure for the dilute effluent coming from the stack, such back pressure for example being 
provided by the pressure loss tim>ug]i a mixed bed ion exchange apparatus to wUdi sudi 
dilute effluent is directly connected widiout repressutization; 

The concentrate effluent may, for example, be reclaimed at least in part by Reverse 
Osmosis, Nanofiltration, Evaporation or anotiier stdge of ED. 

hi order to make ultrapure water by EDJ, it is necessary to remove the highly ioiuzed 
electrolytes sudi as NaCl, CaS04, etc., as well as die weakly ionized electrolytes such as 
CQz, NHs, Si02, and II3BO3. Such weakly ioruzed electrolytes are only substantially 
removed afier ahnost all of tiie strong dissociated ions (Nari-, C1-, Ca-H-. S04-, etc.) have 
been removed. Effidsit removal oftiie weak electrolytes is obtained (generally) at veiy low 
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local current effidmcies, where almost all of the cuireot passing through the exchaoge 
membranes is canied by OH- aodH+respectivety. Ifdie concentrate stream is at a 
substantial^ neutral pH and not filled witii an ion exdiange material, tiiea fte weakly ionized 
electrolytes, sudi as silica, after transport tiirough the anion exchange membrane, become 
substantially non-ionized in flie bulk of the brine streaia The cation exchange membrane, 
al&ou^ mainfy preventing transport of the n^atively charged strong ions back to the 
diluting stream, is unable to prevent tiie difiiision of low molecular weight neutral species 
such as CO2, SiOz, and H3BO3 back to tiie dilute stream. Ibe anion exchange membrane, 
ahfaoi^ prevffltmg transport of the positiveiy diatged strong ions back to Ifae diluting 
stream, is unable to prevent tiie diffusion of low molecular wei^t neutral species such as 
NHa and amines back to the dilute stream. 

Hie concentrate stream may have a very low conductivity, such that it represents 
more tiban half of the electrical re^tance of the EDI stack, hi such a case it m^ be desirable 
to fill the concentrate stream widi an ion exchange material. The ion exchange material m 
the concentrate stream may have cation exchange material next to the cation exchange 
membrane and anion exchange mat^al next to the anion membrane. U.S. Patent No. 
4,033,850, wfaicfa is incorporated herein by reference; discloses such an arrangement of ion 
exchange material, but only for &e diluting compartments of an electrodialysis device. The 
cation exchange material juxtaposed to the cation exchange membrane may be integral with 
(e.g., texture ttereon) ornot integral with such membrane (e.g., as beads, rods, screen, etc.). 
Simflaily, die anion exdiange material juxtaposed to die anion exchai^e membrane may also 
be integral with sudi membrane or not integral vnSi such membrane, indq>endrattly of which 
arrangement is used with the cation exchange membrane. That is, one membrane may have 
exchange material which is integral with the membrane the other membrane has 
exchange materia] which is not integral. Fuilher, either or both membranes m^ for example 
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be textured and in additioa have non-integral exch^ 

juxtaposed If botii membranes are textured, the membranes may in places be in direct 
contact vn&i each oflier w&x Ae opoa regions between the texture surface projections 
providing fluid flow paths. la any of die above examples, it will be understood diat flow of 
solution diroug^ the concentrating compartment must not be severely impeded. 

In EDI spacers there is some maldistribution of flow Ifarougjh the ion exchange 
mabrial due to the intersection of the sidewalk and the material. Because a three- 
dimensional ion exdumge bead can not partially penetrate the sidewalls, the packing 
arrangement of ion ^change material near the sidewalls is not as uniform as the arrangement 
in the bulk of die material away fiom ttie sidewalls, and Has steric hindrance allows more 
flow next to the sidewalls. Ibe slipstream that thus develops next to a sidewall has both a 
greater difiiision distance to, and less residence time in contact with, the ion exchange 
material; and, as a result, along the diluting compartm^ spaqer has fewer ions removed. 
This slipstream therefore carries a greater load of contaminants to the outlet end of the 
diluting compartment spacer yvhere die slipstream mixes with the bulk of the spacer flow 
thereby decreasing the puri^ of the product 

Li accordance with another embodiment of die present invoition, however, it has 
been found that this effect can be minimized by adding mechanical stadc mixers to die 
sidewalls of the spacers at intervals along the spacer length. These static mixers help to mix 
the slipstream flowing aiong die sidewalls with the bulk of die flow thereby providing 
increased contact time to improve the removal of the contaminants by the ion exchange 
material Thus, addition of die static itnixers as provided herein has been fotmd to furdier 
improve product quaUty. An arrangement of suitable static mixers along the spacer sidewalls 
of an EDI cell in accordance with fliis invention is illustrated m Fig. 3, 
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Gas bubbles trapped m the ion exdiange material or finned by outgassing of the 

water also cause flow maldistribudon and thereby decrease pio^^^ Bubbles 

generated at the electrodes can also be trapped in tiie ion exchange material and grow large 

enough to cause poor current distribution in the EDI stack. All of these bubbles are di£Bcult 

to remove by buoyancy or flow e£fects due to die small size of the ion exdiange materials 

and the sur&ce tension (capillary effect) attendant with diis size range which tends to hold 

them in place. 

In accordance widi yet anodier embodim^ of die present mvention, gas permeable 
(e.g., non-porous and/or hydrophobic microporous) r^ons and/or elements, such as hollow 
fibers or other geometries, are incorporated mto the EDI spacers to provide a means for the 
gases in the bubbles to permeate through the regions and/or into the lumens of the hollow 
fibers and escape from die stack wrtfaout loss of acy liquid. An EDI cell including an 
arrangement of hydrophobic microporous hollow fibers in accordance widi this invention is 
illustrated in Fig. 4. Also illustrated in Fig. 4 is the embodiment of providing an EDI cell 
with EDI spacers having hydrophobic, microporous regions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 A is a schematic cross sectional view of a **plate and frame" type EDI stack in 
accordance with this invention showing feed inlet 1 and conunon manifold 3 from which the 
product outlet 2 emerges. The figure also depicts anode ouflet 5, cathode outlet 6, 
concentrate compartmaits 7, electrode compartments 8, and diluting compartments 9. 

Figure IB is a schematic top view of die EDI stack of Figure 1 A showing feed inlet 
11, common naamfold 13, product outlet 12, concaitrate stream outlet 14, and anode stream 
outlet 1 S. Figure IB also depicts the approximate direction of the diluting stream flow 16, 
concaitrate streams flow 17, and dectrode streams flow 18. The dotted lines betwe^ the 
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various manifolds represent possible spacer shapes defining fluid flow paths between the 
fiicing walk of acSacent spac^ for the three different stream types* Le., diluting, 
conc^itrating and dectrode. 

Figure 2A shows a schematic cross sectional view of an alternative spiral EDI stack or 
module configuratioii in accordance vnSi this inv^cm with feed inlet 21, the product outlet 
22, Ae ocmcenuate stream outlet 23, tiie dihiti^g streams 24, the cone entrate streams 25 , the 
center electrode 26 (which, in a prefmed case as shown, comprises an anode), and an 
exterior conducting (e.g., metal) container 27 which acts as the opposite electrode. 

Figure 2B is a schematic left end view of the conqdete (unsectioned) spiral EDI stack 
of Figure 2A siiowing &e same o^xtities (with the same numbers). 

Figure 3 is a schematic plan view of a filled-cell (EDI) spacer in accordance wiflx this 
invention showing spacer frame 3 1, filled in tbe center with ion exchange material 32, and 
having midtiple screen mtxeis 33 along sidewaDs 35. 

Figure 4 is a schematic plan view of a fiHed-cell (EDI) spacer in accordance with this 
inv^on ^wing spacer fiame 41, filled in the coiter wifli ion exchange material 42, and 
having microporous hgrdrophobic demsits 43, and/or hydrophobic microporous regions 44. 

Figiue 5A is a sdiematic plan view of one ^bodtmfflit of a textured-surface 
membrane in accordance with this invention showing the raised texture on one surface only. 
Althpu^ not shown, it wiU be understood ^ membranes textured on botii surfaces may be 
fabricated and used in accordance widi this tnventioa Figure 5B is a schematic side view of 
flie leKtured-sur&ce membrane of Fig. SA. 

Figure 6 is a schematic plan view of still anofter type of textured-surface membrane 
in accordance wifii Has invration, ttiis membrane having a smaller textured pattern, such 
pattern having increased surfiice area and greater turbulence promotion effects. 
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Figme 7 is a sdnematic plan view of still another type of textured-surface membrane 
in aoconlaaoeivifttiusinveiitioii^lfaismembme having dia^ Itwillbe 
undeistood tiiat idien lbe next adjacmt membrane (not ^o wnX having tiie stripes in an 
opposite orientation, is coupled with the membrane shown in Figure 7, the resuhzng EDI cell 
would produce a sdf supporting flow palh wifliout need for a spacer. Such a crossed stripe 
pattern provides tuibulence promotion, tiiorou^Uy mixing fluid as tiie latter travels across 
along sudi flow patft 

Figure 8A is a schematic plan view and Figure SB is Ifae conresponding cross sectional 
view of still anoflier membrane in accordance wifli this inv^tion, wherein the membrane 
comprises 3-dim^onal pleats or folds in a flow path area. The entire body of the 
membrane shown in Figs. 8 A and 8B forms a pattern. 

Figure 9A is a schematic plan view and Figure 9B is the corresponding side view of 
yet anotfa^ membrane in accordance wifli this invention, \^erein the membrane comprises 3- 
dim^nsionai wav^ in a flow path area 

Figure 10 is a schematic cross sectional axial view of a preferred countercurrent 
concentrate stream spiral EDI stack configuration in accordance with this in^ The 
colter "^ipe" or tubular element 104 acts also as a first electrode (anode or cathode) and is 
internally divided by divider wall 107 to provide on a first side of wall 107 a manifold for 
feed intet 101 and on a second side of wall 107 a concentrate ouflet 105. The product ouflet 
108 is not sealed to the membranes and allows product flow to bypass and feed flie 
concentrate stream. Exterior ^ell 106 acts as the opposite electrode. 

Figure 1 1 is a sdiematic cross sectional axial view of another preferred countercurrent 
concentrate stream spiral stack configuration in accordance with this invention. The center 
""pip e** or tubular dement 114 is sealed to i(m exchange membranes 1 1 2 and 1 1 3 , and acts as 
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an electrode (anode or caAode), a product outlet mamfold, and a brine feed inlet The 
concenlratB oudet manifold 1 1 6 is faydraulica% sealed to lb& edge of the oppositely charged 
ion exchange manbrane 112 and the exterior^]! lis. Feed inlet manifold lllis sealed to 
tiie edge of the ion exdiange membrane 1 13 and the exterior shell 1 15. Hie exterior shell 
lis also acts as tiie opposite electrode. 

Figure 1 2 is a sdiematic cross sectional axial view of still anodic prefenred 
cduntercurrent amcenfrate stream spiral stack configuration in accordance ^dth this 
inventioa Center ''pipe'' or tabular element 124 acts as an electrode (anode or cathode) but is 
not hydraulicalfy sealed to the ion exdiange membranes, diereby allowipg product flow to 
feed 4ie concentrate stream. Product outlef ina^ld 126 is not faydraulically sealed to lbe 
membranes and bypass flow feeds the electrode and concentrate streams. Conc^ate outlet 
manifold 127 is hydnuilically sealed to flie edge of ion exchange membrane 122 and to 
exterior shell 125. Feed inlet manifold 121 is hydraulicaify sealed to the edge of the 
opposite^ diaiged icm exchange membrane 123 and to exterior shell 125. Exterior shell 125 
also acts as the opposite electrode. 

Figure 13 is a schematic cross sectional view illustrating details of a preferred center 
electrode and manifolding device, conqiarable to elem^ 104 in Fig. 10, which is used to 
clamp and hydraulically seal the membranes 131 and scre^ 132 to Ifae center electrode 133. 
Such device consists of two arc-shaped sections of metal pipe 135 and a center wedge entily 
134. The latter compresses pipe sections 135 against each other with membranes or 
membranes and screens clamped between such secticms. Hie center wedge &s&ty 134 also 
divides the center electrode into two manifolds and may hydraulically seal one manifold 
compartment fiom the other. Center wedge enti^ 134 consists of two or more pieces 
arranged such Aat forcmg the pieces in opposite axial directions along the axis causes the 
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assCTsbfy to increase in size perpendicular to such axis» thus providing fte damping force 
needed. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

One embodiment of the present invention, as shown in Figs. 1 A and 1 B, uses the 
final product of the EDI stack to feed the concentrate stream and itfae electrode streams in a 
single pass. Hie preferred direction to flow the concentrate streams (in conc^itrating 
compartments 7) and electrode streams (in electrode compartments 8) is in a direction 
substantially opposite to the direction of flow of tte diluting stream (in diluti^^ 
compartments 9). In this single pass embodiment, employing an initialfyhig^ purity, ' 
substantially counterflow concentrate stream minimizes back di£fiision and electromigration 
of contaminants into the product Hie membranes located close to the product outlet are not 
exposed to contaminants so Ifaat these membranes contain very Ittde contamination, with the 
beneficial result that electrodiatysis and/or diffiision of contaminants from these membranes 
into the product is effectively eliminated. Due to the low conductivity of the product, the 
concentrate and electrode streams are preferabfy provided with electrical continuity by using 
ion conductive mat^al in the respective compartment at least near the entrances thereto. 
This ion exdiange mat^al may be in the fonn of beads, granules, fibers, rods, screens, cloth, 
feh, fabrics, sur&ce texturing of the membranes themselves, as herein described, etc. The ion 
exchaiige material preferably contacts bo4i membranes which bound the concentrate 
compartoient and fornis a continuous contact route between these membranes at least iiea^ 
such ^trances. In the electrode compartment, ibe ion exchange material preferably contacts 
the electrode and the membrane ^ch bound the electrode compartment and forms a 
continuous contact route between flim. Alternatively die electrodes may be in intimate 
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contact witfa, or integral witfa^ the adjacent membranes. The EDI stack as shown in Figs^ 1 A 
and IB mf^ contain an even or odd number of cells. 

The foUo^g Example illustrates 4ie efifectiveness of a single-pass EDI unit as 
illustrated in Figs. 1 A and IB. 

Example 

The effectiveness of an EDI apparatus usmg a single-pass substantially counter- 
current conc^trate stream flow as shown in Figs. I A and 1 B (Unit A) was evaluated relative 
to a conventional EDI apparatus (Control) having substantially co-current recirculating 
concentrate stream flow. Both EDI stacks were assembled using flie same types and numbers 
of membranes, spacer^ and ion exdiange lesins. Table 1 below ^ws the remarkable 
improvement in performance demonstrated by flie apparatus of the present invention (Unit A) 
relative to the Control unit for a brine stream in which the concentration of COz is relative^ 
higiL 

TABLE 1 





Control 


Unit A 


Feed Conductivity (microS^cm) 


20 


37 


FeedC02(ppb) 


300 


23.610 


BnneCQ2^pm) 


310 


411 


FeedSiUca(pph) 


500 


1,064 


Bsad&ice Hme (sec.) 


40 


40 


Current (An^is) 


1.5 


Q.82 


Product Resistance (Mohm-cm) 


10.4 


17.88 



As shown in Table 1 flie product quality of the single pass reverse brine stack. Unit A, 
is maintained even at high concoitrations of carbon dioxide in die brine stream. The single 
pass reverse brine stack is not strongly affected by the back dif^on of carbon dioxide from 
fte brine stream, because any back diffusion occurs at a point &t upstream from tiie end of 
the dilute flow path, and thus can be absorbed by the ion ^change material. 
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The ion ^diange material in the conmitiBte flow path may be amphoteric, cationip, 
aniomc, a miictuie of cationic and anionic materials^ or layers or other geometric 
anangemeots of cationic and anionic materials. In a prefisired embodiment of the present 
invention, a material in the concentrate con[q)artment consists of anion exchange material 
nest to tiie anicm exchange membrane and cation e?echange material next to the cation 
exclKinge membrane wilfa the two types of ion exdiange materials being in contact wifii each 
ofter near the center of the compartment The ion exchange material in tlie dectrode stream 
flow pafti may be amphoteric, cationic, anionic, a mixture of cationic and anionic materials^ 
or layers or other geometric anangemenis of cationic and anionic matmals. hi a prefeired 
embodunent of tiie present invention, a material in ^ electrode stream compartment consists 
of cation exchange material Some of flie cells may be bounded by ion exchange membranes 
of the same chaige, resulting m what may be tenned "Neutral" cells or compartments. In one 
of &ese neutral conq)artments, ions pass tbrough the compartment widiout diangmg die total 
concentration of ionized or ionizable species. The ion exchange material m die flow path of 
these neutral cells may be amphoteric, cationic, anionic, a mixture of cationic and anionic 
materials, or layeis or ottier geometric airangements of cationic and anionic materials. 

Id order to achieve a lower electrical resistance through tbe ion exdiange material 
packing in tiie compartments, the ion exchange material m^ be shrunk using aqueous 
solutions of either electrolytes, or water miscible organics such as glycerin, propylene glycol, 
. sugars, etc., or partial drying before it is used to fill the EDI unit When electrolytes are 
used, it may be preferable to use electrolytes (\i^ch aie well known in the art) ^ch 
increase die amount of shrinkage of die ion exchange material. After Ifae shrunken ion 
exchange material has been introduced to the EDI unit, washing it with water will expand it, 
resulting in a greater compressive force inside a padeed conqiartmen^ and thereby resulting 
in essentially squishing die beads or particles of ion exchange material to obtain a greater 
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area of contact between the ion exchange materials themselves as well as with the ion 
exchange membranes and the electrodes. One of the electrolytes diat may be used in tins 
process step is a ddoride salt, bi order to avoid the generation of chlorine m the anode 
compartment, and fte possible oxidation of tiie ion exchange materials contained in said 
anode conq)artment, during flie mitial startup of fte stack, one pi^rred embodiment of this 
aspect of tiie present invortion uses non-chloride containing salts. 

Enhanced compressive force in non-polarized regions increases the contact area 
between the ion exchange material and die ion exchange membranes. This effect is 
beneficial because as the contact area increases the electrical resistance decreases. Hits 
increased contact area dius improves ttie transport of icHis to the ion exdiange membranes and 
hdps prevCTit the undesirable effect of polarization of the membranes before polarization of 
the ion ^chaiige fill material. If the anion membrane polarizes before the ion exchange 
material polarizes, hydroigrl ions transported tbrou^ tibe membrane cause a localized hig|i 
pH in the concentrating strearrL Calcium ions transported tiuough the cation membrane may 
enter this high pH area and precipitate, thus forming scale. 

In a preferred embodiment of flie present invention, the stack is built with the ion 
exchange materials in flieir iiiUy regenerated forms. This preferred embodimeiit minimizes 
die difKision of salts from the m^brane areas between the solid areas of the spacer fi:ame, 
which are outside of the active electric field, to &e product manifold. 

Another ^bodiment of the present mvention uses screens or cloths consisting of 
polymi^ material that has been ion exchange iunctioiialized at least on fiie sui&ce. EDI 
ceHs'fiUed with beads, particulate or fine fiber ion exchange packing can be used oniy wifli 
clean, particulate-free streams. Ihese filled cells ^ically exhibit high hydraulic resistance, 
tranis-bed pressure gradients, and pumping power losses. Conventional EDIR also has the 
potential disadvantage of a slow approadi to equihhrium afto* cuirent reversal due to the 
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relative^ bi^ ion storage capacity present in ion exdange materials iiinctionalized 
tlm>ughoutdteir entire stmctuie. Instead, by functionaUzingonfy a thin layer on tbeout^ 
sur&ce of a polymeric material, such as po^ropylo^e, polyediylene, eta, tie approach to 
equilibrium after reveisal is significantly &ster. Using sudi material in the form of a woven 
cloth type screen, or an extruded monofilament screen (sudi as Vexar), or perforated, 
corrugated screen or expanded plastic screen results in a mudi lower hydraulic pressure drop, 
enabling longer flow paths and reduced pumping power 

With aU or most types of K material there will be a discontinuity in the density of the 
packing air^ where Ae array ends at a boundary, such as a spacer wall. Duetothis 
. discontmuity, a sUpstream flow can develop along sudi wall whidi may be &^ 
flow through the bulk portion of the array. This slipstream flow has less residence time in tiie 
spacer and less contact with the ion exchange material In lbe diluting conq>artment Mdiere 
contaminants are being removed flom water, this means that the slipstream will have a higher 
concentration of contaminants, and tiierefore a lower electrical resistance dian the bulk flow 
through the bulk portion of the array. The mixing of slipstream flow with bulk product flow 
at fte ^acCT oudet will fterefore inoease the total amount of the contaminants in the total 
product flow and decrease the electrical resistance of such total product flow. To ameliorate 
this slipstream effect, in anotiio^ embodimoit of the present invention static mixers are added 
along the length of &e spacer wall as shown in Figure 3. These static mixers may be placed 
at intervals or alternatively nny fill the entire open area of the spacer. It has been found that 
flie efifect of sudi mixers is tomix sIq>streamflow withdie bulk of the diluting stream flow 
so that the forma* win have more contact time vnSi ihe ion exdiange material and thereby 
have more contaminants removed. 

Such static mixers may coasist of screens, sudi as those made by Vexar, Inc., or 
woven screens, or poforated, corrugated or e:q>anded screens. The static mixers may be 
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made of potyetbylene, po^ropyleoe, or any insoluble material, and are preferably attached 
to the spacer wall In anoflier variation, such screens may also be made at least in part of ion 
exchange materials. The screens mi^ protrude at intm^als into the bulk ion exdiange 
material or m^ extend across tiie entire spacer area to provide mixing of the slipstream with 
die bulk flow. In a prefeired embodiment of this aspect of the present invention, the screens 
are recessed into the spacer ivall and divert fiie flow to be mixed into ttie screen space in the 
walL 

Ihe spacing of Ihe screen strands may be betwem 0.01 inches (.254 mm) and 1 .0 
indies (25.4 mm), pre&rabfy between 0.0625 inches (1.59 mm) and 0.5 indies (12.7 mm), 
and most preferabfy betweai 0.1 indies (2.54 mm) and 0.25 indies(6.35 mm). Hie optimum 
thickness of the screens and the spacing of the static mixers along the spacer walls are 
depend^t in part on die dimensions and geometry of the ion exchange material. For ion 
exchange beads or granules witii a mean diameter of about 0.5 mm, Ihe screen tiiickness 
mig^t advantageously be between 0.001 nun and 10 mm. If the scre^ extends tturoughout 
the entire spacer, its strands should be thin enough and spaced &r enough apart as to not 
stgnificantiy interfere witii tiie contacts between tiie ion exchange materials unless at least the 
sur&ces of the screens are made of an ion exdiange material 

Gas bubbles can be trqiped in tiie ion exchange materials, be generated at the 
electrodes, or be formed by outgassing of the aqueous stream. Small gas bubbles trapped 
between beads of ion exchange material can cause significant variation in hydraulic 
pemieability and flow in the EDI spacers. These small bubbles msty grow to a size at whidi 
they can result in poor current distribution and, in the extreme case, cause membrane burning 
or electrode failure. U.S. Patent No. 5,558,753, yvbicb is incorporated herein by refermce, 
disdoses means for gas ranoval in tiie concentrating stream recycle loop. 
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Gas bubbles may also be trapped ia dSu&ig stream, conceDtratiDg stream or electrode 
stream compartments of an EDI stacL In accordance wSx still another aspect of &e preset 
inv^tion, it has been found that gas-petmeable materials can be used to allow trapped gases 
to permeate out of such EDI compartments. Sudi gas-permeable materials may be 
hydrophobic and microporous so that flie gases permeate 1hroug|i the pores of fte material, or 
fhey may be nonporous (ag., silicone rubber) so lbsA fte gases diffiise throu^ die body of 
the material. If the material is hydrophobic and microporous, tiie pores must be of small 
enough efGsctive diameter so that sur&ce tension prevents penetration of liquid into the pores 
at fteopmting pressures ofthe EDI apparatus resulting in the loss of hqm^^ In one 
embodhnent of this aspect of fb& present invention, ftese materials may be incorporated into 
the EDI spacers in the form of gas-permeable regions, hollow fibers and/or other geometries 
as shown iii Fi|gure 4. These gas-permeable materials may be supported by other materials on 
the side of &e gas-permeable matmal oppo^ the side feeing the aqueous stream. 

Another preferred embodimott of 4ie present mvention provides &e EDI unit m tfie 
form of a spiral-wound element, witii the product outlet feeding the inlet of a sin^e-pass 
conc^mate stream as generally shown in Figs. 2« 10, 1 1, 12^ and 13. hi contrast to U.S. 
Patent No. 5,376,253, wfaidi discloses a conQguration T^erem &ere is a tight seal separating 
the dilute and concentrate streams, in this embodiment of tiie present invention, the dilute 
effluent and concentrate influent streams share a common manifold. Thus, in the spiral- 
wound configuration of this invention, the diluting stream m^ optionally be fed to either die 
anode compartment or the cathode compartment before passing through the diluting stream 
compartment Furfliermore, a portion optionalfy m^ exit as product just prior to the 
electrode compartment or after passing dirough the opposite electrode compartment The 
spiral-wound element of the present invention may consist of a sin^e pair of membranes 
(cation exchange and anion exchange) wound togefter (as illustrated in die Figures), or it 
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consist of two paits or multiple pairs (a configuration wfaidi is readily understood but 
not shown in the Figures). In eitfaer case, the spiral winding defines a (virtual) central axis 
about wbidi fte membnoies are wound to create lbs appearance of a spiral (^en viewed 
endwise). The flow of Squid through Ae conc^trating compartment(s) may be inward 
toward the virtual axis or alternatively flow may be outward away from such axis. In 
accordance wifli Ais embodiment of die present invention, flie flow of liquid through fte 
diluting compartment(s) is thai respective^ outward or, alternatively, inward. In still 
anotfier variation using tiie spiral configuration, the flow of liqmd through the concentrating 
compartment(s) may instead be generally ""paralld" to tiie virtual axis (e.g., in a direction 
from left to right) and, ahemativefy ''anti-paraller (which is defined herein as being Ifae 
opposite of Ifae "^araflei" dhection, in this example from rigjlit to left) witii the corresponding 
flow through the diluting compartment(s) being countercurren^ i.e., respectively '*anti- 
parallel" and, alternatively, ^'paraUeL" In other words, in this embodim^ flow may be 
goierally paraflel to the virtual axis m a first direction and, alternatively, generally parallel to 
the virtual axis in a second, opposite directioa 

In any of tiie above cases, die electric current tiuroug^ the spiral may be reversed 
thereby resultii^ in the ''old" concentratii^ compartments becoming '^ew'* diluting 
compartments, and, respective^, the "'old" diluting compartments becoming '^ew'' 
concentrating compartments. After such current reversal, tiie direction offlow through Ifae 
compartments is reversed in accordance with this embodim^t of the invention, with the 
**new^ dihjting compartments providing counts-flow of "'jpure'' efiluent to the *^ew" 
concentrating compartments. 

The preferred current to apply to the EDI unit configured and operated in accordance 
with this invention m^ be determined by plotting the following equation: 
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Rpod VSl/q(Cia-Cini) 

where Kpmi is ihe electrical resistance oftfae product of the diluti^ 
I is &e current applied to ibe tfie EDI unit, 
q IS the volumetric flow rate to the diluting cells. 

On is Ae concentration of ionized or ionizable species in the solution fed per diluting 
cdl in equivalents per unit volume, and 

Coot is the concentration of ionized or ionizable species in the solution exiting per 
dilutmg cell in equivalents p^ unit volume. 

ThQ plot of this data will have an inflection point . The preferred current to apply to 
the EDI unit should be 4 current above this inflection point Rpod>I,q,Cub andContmay be 
expressed in any compatible units, as flie object of interest is flie inflection point . 
Furthermore, it should be noted ttiat a line fitted to data points below the inflection pomt has 
one slope, whereas a line fitted to data points above the inflection point has a second, 
different slope. Hie inflection point corresponds to the point on the data plot at whidi the 
absolute value of the second derivative (d^ K^od/d (l/q(Cm* Coot))^) is a maxunum lUs 
means that if a regression formula is used to fit die data to the plot, it must be such that the 
second derivative is still a variable of I/q(Cm- Caut ). Alternatively, instead of plotting Rpod 
vs I/q(Cin -Cool)* one can plot any of the following data correlations to determine the 
inflection point: 

Rprod VSi/q(Cin-Coot) 

Rpnd VSi/q(Cm-CoDt) 

Rpnd vs i(RmRfifod)/q(Rpml - RilO 
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\vfaere Sin is Ae electncai resistance of the feed to Ifae di^^ 

cunent deasify, is Ibe conductivity of tiie feed to Ihe diluting compartmeDls, and Coot is the 
conductivity of the efBuent from 4ie diluting compartmoits. It will be clear to one skilled in 
the art that it is preferable to select from the above alternative data correlations one which 
produces a sharp change in slope near ttie inflection point Fur&^itwillbeundastoodfliat 
eitfaa side of any of tiie above correlations can be multiplied or divided by a constant without 
altering the inflection point value. The multiplication or division constant need not be the 
same for eadi side of a correlation as the impact will be understood to expand or shrink one, 
or the other, or both axes. Jn addition, a constant may be added or subtracted from dttier 
side, wfaidi will shift the gmphical location of the inflecti^m point altering its value. For 
exan^le, this means that in an actual plot of the data, the axes may be individually expanded 
or contracted or ofi&et if that makes it easier or more convenient for determining flie 
inflection point The correlation data can be iiiaiiipulated in other ways weU known in the a^ 
if desired. 

Another aspect of the present inv^tion is a method of automaticaUy controlling the 
ciureixt sent diroug)i the EDI unit accordiiig to the ionic load being fed to the unit Itis 
desirable fiom an effideacy standpoint to send more current through &e unit at higher ionic 
loads, and less current as &e ionic load decreases. The automatic control is achieved, 
according to ftis aspect of the present invention by monitoring the EDI feed stream by means 
of an associated conductivity cell/meter and using the <^referabty temperature- corrected) 
ou^ut of tile conductivity meter to automatically adjust flie amount of current sent to the EDI 
unit This embodiment fliereforemmimizes the average power coiiisumptiona^ 
the overall unit peifennance. 

Efficient capture of silica and boric add from aqueous solutions using electrodialysis 
typicalty requires large amoimts of anion lesin in Ithasbeenfound 
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that Ifae presence of carbonate in a diluting stream significantly reduces the amount of anion 
resin available, and therefore the efficiency of silica and boric acid capture is greatly reduced 
by the presence of carbonate. Hie current efficiency of removing all but the first portion of 
carbonate is very poor because the bulk of &e resin is tiien in Ibe OK^ form, and the mobility 
of Olf^ is about 3 times higher fiian carbonate for a specific resin. When anion resin is in die 
50% carbonate and 50% hydroxide form, it takes 8 dectrons to remove one CO2 molecule, 
diat is 6 to move 0K\ and 2 to move the COi^, Whrai anion resin is in the 20% carbonate 
and 80% Iqrdroxide form, it takes 26 electrons to remove one carbonate with 24 of these 
"Hvasted" on moving 0K\ CO2 however can be v^ efficiently removed as bicarbonate 
xxsiDg only one electron per CO2 if Hxe rem is not highly polarized. O^espite the HCOs'^ 
having only about 20 percent of Hxe mobiUty of 0H"\ there are virtual^ no OK^ ioiis present 
i£HCOi^ is present in significant concentrations.) 

Operating file stack wifii die current automatically controlled on a real time basis 
relative to the ionic load, according to this aspect of the present invention wiU result in fiie 
CO2 removal occurring primarily as bicarbonate with corresponding^ greater efficiaicy, in 
essential^ Ihe same location in the stack While minimizing the average powor consumption, 
this mode of operation leaves a maximum amount of die stack's anion resin in the desirable 
Off^form. 

Hiis ph^menon can be best understood by an example: If the current is constant, 
and the anion load is doubled for a brief time, CO2 would be captured and removed fi*om the 
resin mudi doser to the stack outiet end. At die higjbi anion load, die CO2 will be efficient^ 
removed as bicarbonate, but the silica removal capability of the stack will be severely 
compromised by the reduction in die hydroxide form of die resin available to capture silica. 
Moreover, diis probl^ can be exac^ated by die fact that diere can be a very significant 
transient idease of silica into the product water because die carbonate, and dien bicarbonate, 
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hoUx displace lke silicate that was present in Ihe ani on lesin. Even after the Id^ anion load 
transient is completed, the situation does not improve. The HCQ3'^ saturated resin quickly 
polarizes, and tlie efficiency of dectrical removal of 4ie resulting carbonate plufiges rapidly. 
Thus, it takes a very long time viHi lots of current before the ejfficient capture of silica can be 
reestablished in this system. As can be seen by extrapolating this example, contmuous 
fluctuaticm in die current efficiency of operation of the stack will result in poor silica ronoval 
tiiat is nearly as bad as if it were operated continuously at the lowest instantaneous current 
efficiency. 

It has now been found in accordance wifli another mbodiment of the present invention Hoat a 
feedback loop fiom the feed conductivify (or conductivily, flow and alkalinity) and/or stack 
electrical impedance to control current, can greatly improve system performance. Such 
electric current control may be advantageously effected by incorporating segmented 
electrodes in the eledrodial^sis stack. Eidier or bodi electrodes may be segmented permitting 
Ihe current (density) at various regions in the flow padis of the dilute compartments to be fine 
tuned in accordance witti the ionic load to such compartments. These segmented electrodes . 
can also be used to determme the impedance at various r^ons along the lengdi of the flow 
pafts. Ihis impedance information can be used to deteniuneflierehtive state of fl^ 
exchange materials (i.e., fiiUy regmerated ion ^change materials have a lower resistance 
Him those in a salt form) and to automatical^ adjust tbe current through specific segments to 
fine tune die cumezit (density) to individual s^ments in accordance with the ionic load 

Furthermore, the nature (type) of die anion exchange resin, wfaeti&CT as material non* 
integral with the anion exchange membranes or, at least in part, integral with such 
membranes, m^ be varied along die flow path. By way of illustration, m order of decreasing 
basici^, die common anion exdiange moieties may be arrar^ed approximate^ as follows: 
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(1) 

~CHi— CH— ^ ^Ofe—N — 



CEi) 



r, polyCN-vinyl ben^l-NJ^^-trimelfajl anmKMiiuin) 
(2) 

— Ofe— CH— ^ Ofe— N^CHi— Ofe— CHr- OH 

Oh 

"Type nr, poly^-vinyl ben2yl-N-(3-hydro)^ prop^)-NJ«f-diiiie%l ammonium) 
(3) 

if" f? 

CHb 

"Acrylic quatetnaiy", poly((N-aciylamidopropyl>N,NJ4-tnme1byl ammonium) 
(4) 



— Ofc— CH— ^ V~CH2— N— CHr- Clfe-OH 
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"Type IT, poly(N-viiQd ben2yl-N-(2-fcydro3gr ethyl)-N,N-dimefli3i ammonium) 
(5) 

O H 

I II I 
— Clfc— CH— C— N— CHi— CHi— CHi— N 

"Weak base", poly (N-acrylamido propyl)-N,N-dimefliyl amine. 

Hie latter anion exchange resin (formula 5 above) appears to be the most basic of the 
so-called weak base anion exchange resms. In its free base form, it is sufficientty basic to 
form a salt wilfa CO2 (apparently absorbed primarily as HCOa'^ and not COi^) . It is not, 
however, sufficient ba^c to form a salt wifii silica 

At ifae upper end of the above scale, lype I anion exchange C*AX*^ resins (formula 1 
above) and their equivalents in the hydroxide form are very strong bases, veiy able to absorb 
silica and boric add and, as noted above, absorbing CO2 primarily as CO^'^ and not HCQs'^). 

The internal pK^ (the n^ative logarithm of the base dissociation constant) is reported 
in iKe literature for the above resins. It has been found that the ratio of the fraction of 
electrical current carried by absorbed free and comUned carbon dioxide to Ifae fraction of 
current carried by hydroxide ions is greatest for ifae weak base resin at fte bottom of the 
above list (formula 5) and smallest for ifae very strong base resin at Ifae top of die list (formula 
1). It is advantageous, therefore, according to tins embodiment of this nivention to use resins 
from the lower part of the above list (e.g., formulas 4 and 5 or dieir substantial equivalents) to 
localize and control removal of free and combined carbon dioxide in a region of die flow 
padis of die dilute compartmeails in die vicinity of die flow entrances thereto, and to use 
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resins £rom the upper part of tbe above list (e.g., foimulas 1, 2 and 3 or &eir substantial 
eqpvalents) to locali^ and control removal of silica and/or boric add in a region of die flow 
paflis of fte dilute compartm^ts in the vicinity of die flow exHts dierefiom. 

Aldioi^ die above listed Type n resin and weak base resin are frequently regarded 
as 'intermediate base" resins, such tem is usua% reserved for anion exchange resins 
ddiberately containing quaternary anunonium groups and non-quatemaiy amine groups. 
Such resins may be manu&ctured as such or prepared by controlled degradation of 
appropriate quatemaiy ammonium resins. Hie wide variety of such resins makes it difScuh 
to indude diem in die above list relative to the listed resins, but one skilled in die art can 
easily determine the usefulness of any ^edfic int^mediate base or odier resin fi>r the present 
embodiment of diis inventioa 

In particular, ED or EDR benefits fi-om an uneven texture or a raised resin on the 
surface of ion exdiange membranes because such a su&ce of proper geometiy creates a 
more turbulent flow across the membrane surfece and dius reduces die formation of stagnant 
ion-depJeted regions near die membrane siu&ce, in addition to creating more surface area, as 
candeailybeseeninFigs. 3, 6»7, 8 and 9. The foimationofstagnant,ionrdepleted regions 
near die membrane sur&ce leads to a ph^omenon temaed^concentration polarization," 
wfaidi adversely affects the performance of ED and EDR systems. Hie textured or raised 
surface membranes of this embodiment of this invention may be used in any electrodialysis 
conq^artment wfa^ die process benefits firom an increase in turbulent flow across die 
membrane and/or increased membrane sur&ce area» vMdx surfiu:e area includes channels 
between the membranes or between a membrane and an electrode. 

Hie ion exchange membranes according to diis embodimeit of the present invention 
are advantageously patterned so that several laye^ are produced. Forexample^inone 
preferred form, a flow padi is produced at one depdi and a textured sur&ce is produced 
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between the flow paliis. On the perimeter of the membranes^ the sui&ces are advantageously 
lower to allow for a nonconducttve or conductive frame between ^e edge of tiie membrane 
and 4ie next adjacent m^brane bithis wayanED,EDR,EDIRorEDIstackcanb6 
constructed without using separate '^spacers'' to produce the flow path betweai membranes 
for flie liquid to be treated. 

The novel membranes of this aspect of Ifae mvention m^ also be used in a non- 
electrical system applications where ion exchange, ion capture, or nieutralization takes place 
between ions in fluid and solid ion e&change media having a higjii surface area. Such 
membriane applications indude but are not limited to.use as a d^mneralizer, a water 
softemng media, pH adjusting media» and metal selective or ion selective media (nitrate 
sdective or monovalent ion selective). 

hi accordance with this aspect of tiie present invention, an uneven texture or a raised 
resm is imparted to the sui&ce of ion exdiange membranes, thereby creating a significantly 
greater surface area for use in ED( EDIR, ED, EDR or other eledrically driven processes 
that use ion exchange membranes and would benefit fi^om having a non-flat sur&ce as 
illustrated in Figs. 5, 6, 7, 8 and 9. These textured or raised sur&ce membranes can be 
fabricated using standard membrane formulations for ion exchange membranes. Hiese 
membranes can also be fabricated as diarge-selective (monovalent ion selective) membranes 
or species-selective membranes, such as heavy metal-selective, nitrate-selective or sodium- 
selective membranes. 

A particulariy advantageous use for the raised sur&ce membranes described herein is 
in EDI applications in place of ion exchange resins tiiat are usually placed between two 
membranes or between membranes and electrodes. Air^ section of an EDI stadc where an ion 
exdiange resin positioned next to the same diarge ion exdiange membrane is preseiitly used 
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may advantageously be replaced wilfa a xaised sur&ce membrane iaccording to this invention. 
Also, such membranes may be used in ai^ electrodia^ras compartment fliat benefits from an 
increase in turbulent flow across the membrane and/or &om increased membrane sui&ce 
area, i.e., througjb channels between membranes or between membranes and electrodes. 

Such sur&ce textured membranes m^ also advantageous be used in an EDI stack to 
improve die contact area between ion exchange materials in filled cells and the surface of die 
membrane. As previous^ discussed, sudi increased contact area decreases the cell electrical 
resistance and improves die transport of ions from the ion exchange filler mat^al to ttie ion 
exchange membranes. 

One textured surface membrane embodiment of the present invention is illustrated in 
Figs. 5 A and SB, ^ere a membrane is shown widi a textured surface on onfy one side of the 
membrane sheet so ifaat it can be placed against die smoodi surfitce of the next membrane, or 
against an ion exchange material used to produce a filled cell. In a first case, the textured 
surface of the membrane provides a flow padi means for liquid to flow betwe^ the 
membranes wittiout die need for a spacer or scresi, vMdx would normally be x&ed to provide 
a hydraulic flow path. In a second ca^, die textured sur&ce of die membrane will also 
provide a greater contact area between die ion exchange filler material and the membrane. 

In anaitemative embodiment, amend>rane is provided widi atextured sur&ce on both 
sides. In one case, in conjunction widi a textured sur&ce of an adjacent membrane, a flow 
path is provided for liquid passage between the membranes widiout the need for a spacer or 
screen, ^ch would normally be used to provide the hydraulic flow path. In anodier case, 
die textured surfaces of two membranes bound a filled cell containing an ion exdiange 
material and provide a greater contact area between the ion exchange material and die 



SUBSTITUTE SHEET (RULE 26) 



wo 02/14224 PCT/US01/2S226 

membranes, ia still another alternative embodimea^ eveiy o&er membrane in a stack may be 
t^ctiued on bofli sides, and the int^Qiing membranes are not textured on eiber side. 

In other preferred embodiments of Ifais aspect of Hie invention, for example as shown 
in Figs. 6 and 7, raised surface membranes ma^ be &bricated so as to provide a defined flow 
path in the membrane sui&ce on one or boft sides of die membrane. This flow pafli may be 
of aiQ^ desired shape, and may have smoodi walls and bottom, or shapes may be made in tiie 
flow path to promote turbul^c^ or a greater contact with an ion exdiange material that may 
be used to fiO the flo w paA. 

Textured or raised sur&ce membranes in accordance with this aspect of the mvention 
may advantageously be &bricated in various ways. One method involves the use of a 
patterned sur&ce release layer to impart the desired texture to die membr^^ The 
pattern on die release layer can be produced in many ways, such as molding, embossing, 
vacuum forming, etc. The release l^er may be reusable or disposable depending on the cost 
and durability of die release l2Qrer material. 

Another sudi method uses a patterned screen or other patterning layer outside of the 
release layer to form the tscturedsur&ce on the membrane. The release 1^^ in this case 
must be pliable enough to allow the membrane monomer to comply with the pattern under 
sufScient pressure to form the textured sur&ce on the membrane. 
The above-described mediods may be used to &bricate membranes that are substantial^ flat 
but have a textured surfiace. In other embodimaits of this aspect of die invention, the entire 
membrane may be molded or otherwise formed as a diree dimensional shape. The edges of 
the membrane may be made flat for sealing purposes ^^e the flow path areas of the 
membrane may be molded as a convoluted eggcrate, pleats, waves^ bunq)s and valley^ etc. 
Figures 8 and 9 show some possible forms diat diese types of membranes may take. Figure 



SUBSTITUTE SHEET (RULE 26) 



wo 02/14224 PCT/USOl/25226 

g depicts an accordion-pleated membriane; vnlt greatly exaggerated dimensions to the pleats 
for illustraticm purposes. Tbe pleats should range from about 0.010 indies to about O.S 
inches. Similaify Figure 9 dq)icts a mve*pattem membrane. Bofli pleated and wave-type 
patterns m^ be placed at angles ranging from about 1 0 degrees to about 80 degrees, 
preferably about 45 degrees, relative to the diiectioQ of the fluid flow. By placing the ne^ct 
membrane adjacent wJii tiie pleats or waves running in the opposite direction 
in contact with die pleats or waves of fte first membrane, a flow path is tiiereby formed for 
tiie fluid betweoi the membranes that provides significant turbulence promotion 

Hie membranes used in accordance witii this aspect of the present invention may be 
reacted firom tiie mononieric species to the substantial^ fuSfy polymerized form, with the 
pattern-creating mediod in place during substantially the entire time. Alternative^, the 
membrane may be partially pofymenzed to produce what is commonly known in the art as a 
'l>repreg" material, which can then be imprinted wifii a preferred pattern and diereafier 
substantially fiilly polymerized. A membrane having sudi aforesaid shapes or textures may 
be molded or formed usmg vacuum or pressurecombined widi heat firom ion exchange resin 
mixed with a pofymeric binder. This type of membrane is known in the art as a 
'^heterogeneous membrane". 

ft is wdl Imown m the ED art that polarity reversal aDows removal of materials tha^ 
are difficult to transport tiirough a membrane, including large ions and organic material, from 
Ihe dilute stream with then subsequ^t release into the brine stream on the reverse cycle. 
This cleaning action greatly enhances die system operating time between cleanmgs. ED/EDI 
stacks diat utilize die '^erse brine'' concept in accordance with Ifais invention are mherentfy 
better suited for polarity and flow reversal dian conventional ED/EDI stacks that use a 
recirculating brine stream. In the standard ED/EDI stacks utilizing a recirculating brine 
stream, die ion exchange materials in the concoatratipg compartments are substantially in the 



SUBSTITUTE SHEET (RULE 26) 



wo 02/14224 PCT/USOl/25226 

. saltfonn. \Vhen the DC electrical polarity is reveised, causu^t^ 
compattmeats to become Itie diluting compaitineiits, some of .the sah is lost into the product 
stream untO fte doivnstream portion of the ion exdiange materials becomes substantially 
regenerated by die hydrogen and hydroxyl ions goierated by water splitting. During the time 
required for this r^goieration to occur, tiie resistivity of the product is substantially lower 
(because of increased ion content) than during normal operation, so that tiiis portion of 
product water must be discarded or recycled. Iftfais water portion were blended into the 
normal product, it would produce an overall lower resistivity and lower quality product 

By contrasi; in the reverse brine stacks according to the present invention, the part of 
the ion exchange materials near the feed inlets to the diluting compaitmoits, and tiie part near . 
tile outiete of die concentrating compartments, are mosfly in tiie salt form; and, the part of the 
ion exdiange materials nearer to die outiet of tiie diluting compartment, and that nearer to the 
inlet of die concentniting compartment, are mosdy inthe regenerated form Thus, when die 
DC electrical polarity is reversed (and die concentrating compartments become tiie diluting 
compartments, and the flows are reversed in direction in both types of compartments), the 
resistivity of the product water is maintained at substantial)^ the same level as during normal 
opeis&on. This represents a substantial improvement over coiiventional ED/EDI systen^^ 
This polarity reversal can take place frequentty, sudi as several times per hour or less 
frequently such as daily or even every few months. This reversal can be accomplished 
automatical^ or manually by means of q)proprialB valves, or can be accomplished by manual 
*1replumhiiig" of the systems. Chemical release agents indudirig salts, adds, bases, and/or 
nonioruc detergents may be added to tiie brine stream. In a preferred embodiment an 
additional inlet means m^ be provided at a point in the brine stream downstream of the brine 
mlet means for tiie introduction of aforesaid diemical release agents. 
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Jn accordance wilfa another aspect of Ibis invention described berean, an uneven 
membrane texture or raised resin shapes are imparted to one or bo& sm&ces of ion exdbiange 
membranes, creating a significanify greater sur&ce area for use in EDI, ED, EDR or oflier 
electrically driven processes, which use ion exdiange membranes and benefit fiom having a 
non-flat sur&ce, as weQ as for use in standard ion exchange processes. The raised surface 
membranes are used in EDI togetiier wift, or in place o^ ion exchange resins that are usually 
placed betweai two membranes or between membranes and electrodes. Any section of an 
EDI stack where an ion exchange resin next to the same-charge ion exchange membrane is 
presently, used can be advantageously replaced with a textured or raised sur&ce membrane. 
Also, fliese iype& of mend)ranes may be advantageous^ used in any electrodialysis 
compartment diat benefits fiom an increase in turbulent flow across the membrane and/or 
increased membrane sur&ce area or diroug^ the channels between membranes and 
electrodes. Th^ surface textured membranes are also advantageously used in an Q)I stack 
to hnprove the contact area betwe^ ion exchange materials in die filled cells and die 
membxana Increased contact area decreases cell electrical resistance and improves the 
transport of ions from die ion exdiange filler material to the ion exdiange membranes. 

It will be apparmt to those skilled m the art that other changes and modifications may 
be made in the above-described apparatus, processes and methods without departing from the 
scope of the invention herein, and it is intended tiiat all matter contained in the above 
description shall be interpreted in an iDustratiye and not a limiting sense. 

What is claimed is: 
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1. An electrodiatysis apparatus comprising a stack include 
compaitmrat, at least a concentrating compartment, at least an electrode compartment at 
least an electrode pair, and inlets and outlets for flo^Mng liquids to or from the stack, said 
stack furtiier compii^g one or more subsystems selected from the group consisting of 

a) a manifold system within said stack enabling e£9uent from diluti)^ 

stack to flow at least in part through concentratiiig compartm^ts in said stack in a flow 
direcdon diat is substantially oppoate to die flow direction in said diluting compartments; 

b) a manifold system internal to said stack enabling efQuent from diluting compartments of 
said stack to flow at least in part through at least one electrode compartmrat of said stack; 

c) concentrating compartm^ts having ion exchange material juxtaposed to a cation 
exchange membrane and ion exchange material juxtaposed to an anion exdiange 
membrane, said ion exchange material juxtaposed to said cation exchange membrane 
consisting substaotiaDy only of cation exchange material and said ion exdiange material 
juxtaposed to said anion exdiange membrane consisting substantially only of anion 
exchange matenal, frirtfaer wherein said ion exchange material(s) are not integral widi 
3aid anion or cation exchange membranes and said ion exchange material(s) are 
permeable to bulk flow of liquid tfarougli said concentratmg conq)artments; 

d) at least a mixing dement at or in at least one edge of at least one flow padi in a 
concentrating compartment ^acer for diverting flow at said edge away from said edge; 

e) at least a mixing dement at or in at least one edge of at least one flow path in a diludng 
compartment spacer for diverting flow at said edge away from said edge; 
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Q intennembrane spacers inchidiiiglbereincme or more 

gases in flow paths in said spacers to escape from said flow paths, said gas^penneable 
dements not aiabHng liquid substantially to escape from said flow path; 

g) concentrating compartments having flow paths including at least a screen dement having 
a surface region, said screen demeaxt compri^ng an ion-exchange-functionalized r^on 
substantially only in said sur&ce region; 

h) diluting compartments havii^ flow paflisincludii]^ at least a screen element ham 
sui&ce region, said screen client compnsmg an ion-exchange-fimctionalized r^on 
sid>stantially only in said surfice r^on; 

i) an electric cunent regulating system for optimizii^ electric current based on the 
depend^acy of Rpiod on the quantity I/q((^ - Coot), where Rpnxi is a measure of flie 
electrical resistance of product of diluting compartm^ in said stack, I is a measure of 
electrical current applied to said stack, q is a measure of flow rate to the diluting 
compartments, cja is a measure of ionized and/or ionizable species per unit volume in 
liquid fed to said diluting compartments, Coot is a measure of ionized and/or ionizable 
species per unit volume m liquid effluent from said diluting compartments, mng a 
detemoination of any substantial inflection in sudi dependency, and a stack-operating 
control system for operating said stack at one or more values of i/qCcm- c^d ^iiich result 
in vahies of Kind greater than the value of Rfvod at said inflectioix; 

j) an electric cuirent cofltrol system for maintaining predetermined r^oval of silica and/or 
boric add in diluting compartments of said staclg said current control system including a 
measuranent system for determining ionic load fed to said diluting compartments and a 
control mechanism responsive to said iom'c load controlling said electrical current at 
levds effective to maintain such predetermined removal; 
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k) diluting compartments coinprismg at le^ 

at least part of at least one flow path in at least some of said dilutiDg compartments, said 
smfiace teTcture efifecting substantial^ inoeased surface area of said membrane compared 
to a similaily configured membrane not having surface texture; 

I) concentrating compartments comprising at least one membrane having a su^ 

fadpg at least part of at least one flow path in at least some of said compartments, said 
sui&ce texture effecting substantial^ increased sur&ce area of said membrane compared 
to a stmilaily configured membrane not having surface texture 

m) dihiting compartments comprismg at least one membrane having a surface texture &cing 
. at least part of at least one flow pab in at least some of said diluting compartments, said 
surface texture effecting substantial ccmtact with the adjacent membrane, said adjacent 
membrane having or not having not having surface texture; 

n) concentratmg compartments comprising at least one membrane having a sui&ce texture 
&ciiig at least part of at least one flow patii in at least some of said conc^trating 
compartments, said surface texture effecting substantial contact with the adjac^t 
m^brane, said adjacent membrane having or not having not having sur&ce texture; 

o) an electric current contn>]s}5tem for maixitaining removal of firee and 

dioxide in predetermined regi(»is in dfluting coixq>artments of said stack including a 
measurement system for determiniog ionic load fed to said diluting compartments and a 
oontpol msdtamsm respomve to said ionic load controlling said electrical current at 
levels effective to maintain sudi removal m such predetermined regions. 

2. An electrodiaiysis apparatus according to Claim I furflier comprising one or 
more cation exchange membranes and one or more anion exchange membranes wound 
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together in spiial fonn, together fbrnung one or more spiral dilutii^ compartments and one or 
more spiral concentrating compartments^ 



3. An electrodiafysis ^paratus accoiding to Claim 2 further comprising liquid 
entrances and liquid exits arranged to effect flow of liquid in said one or more spiral diluting 
compartments inwardly in a spiral or alternatively outward in a spiral 

4. An electrodial^is apparatus according to Claim 2, wherein said one or more 
spiral dihitingcompartm^ define a central am, said stack also having one or more liquid 
entrances and exits arranged to effect flow of liquid in said one or more spiral diluth^ . 
compartments in a direction parallel to said central axis. 

3. An dectrodialtysis apparatus according to Claim 2, wherein said one or more 
spiral concentrating compartments define a central axis, said stack also having one or more 
liquid entrances and exits arranged to effect flow of liquid in said one or more spiral 
conceotrating compartments inwardly in a spiral or alternatively outwardly in a spiral 

6. An electrodialysis apparatus according to Claim 2» wherein said one or more 
spiral concentrating compartments define a caitral axis, said stack also having one or more 
liquid entrances and exits arrange to effect flow of liquid in said one or more spiral 
conceittratingcompartmeiEfs in a direction parallel to said central axis. 

7. An electrodial^ apparatus according to Claim I iiulber comprisipg an 
electric current switch mechanism for reversing the direction of electric cmrent directed 
tbrou^ said stack. 
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8. ' An dectrodialysissvparatus according to Claim 1 fi]]^ 

flow control mechanism for reversing flow direction in diluting compartments and 
concentratiDg compartments of the stack. 

9. An electrodialysis apparatus according to Claim 1 furtfa^ v^rein said 
diluting compartments comprise ion exchange matetial juxtaposed to a cation exchange 
membrane and ion exchange mat^ial juxtaposed to an anion exchange membrane, at least 
said ion ecdiaage material juxtaposed to said anion exdiange membrane compiising anion 
exchange material, said anion exchange material in regions adjacoat to compartment 
oxtrances to said compartments being e£fectiv6 to remove free and combined (avaflable) 
carbon dioxide from liquid entering said compartmetits primarily as bicarbonate vAim such 
combined carbcm dioxide is substantially onfy bicarbcmate. 

10. An electrodialysis apparatus according to Claim 9 wherein said anion 
exchange matoial in regions adjac^ to said compartment entrances is not integral with said 

' anion exdiange membrane. 

11. An electrodialysis apparatus according to Claim 9 wherein said anion 
exdiange material in regions a^ac&at to said con^artment entrance is at least in part integral 
wifii said amon exchange membrane. 

ll An electrodialysis apparatus according to Claim I wherein said electric current 
control system for mamtafnine predetennined rranoval of sihca and/or boric add in said 
dilutrqg compartments also comprises at least one segmented electrode and a control 
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